Intrauterine pulmonary venous flow and restrictive foramen ovale in fetal hypoplastic left heart syndrome  by Taketazu, Mio et al.
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OBJECTIVES We sought to determine whether direct foramen ovale (FO) assessment or pulmonary venous
(PV) flow patterns in fetal hypoplastic left heart syndrome (HLHS) correlate with clinical
markers of postnatal left atrial (LA) hypertension severity associated with restrictive FO.
BACKGROUND Restrictive FO places a newborn with HLHS at high risk of mortality and morbidity.
METHODS We reviewed the prenatal and postnatal echocardiograms and outcomes of 45 fetuses with
variants of HLHS diagnosed since May 1999 to determine whether direct FO assessment or
PV flow patterns correlate with clinical LA hypertension after birth.
RESULTS Direct FO assessment in utero showed a poor correlation with postnatal FO size, PaO2, base
excess, and the need for atrial septoplasty (p  0.05). In 40 fetuses with available PV spectra,
three PV flow patterns were observed: 1) continuous forward flow with a small a-wave reversal
(velocity time integral [VTI] for reverse/forward flow [VTIR/VTIF ratio 0.18]); 2)
continuous forward flow with increased a-wave reversal (VTIR/VTIF ratio 0.18); and 3)
brief to-and-fro flow. Among 19 live-borns, the postnatal FO diameter was smaller in
patients with type B than in those with type A flow (1.6  1.6 mm and 4.5  2.1 mm,
respectively; p  0.0015), and all patients with type C flow had an intact atrial septum. All
three patients with type C flow were critically ill at birth, requiring emergent atrial
septoplasty, and two died after heart transplantation, whereas patients with type A or B flow
were clinically stable, with only one postoperative death.
CONCLUSIONS Prenatal PV flow patterns in HLHS identify the fetus at risk of severe LA hypertension at
birth. (J Am Coll Cardiol 2004;43:1902–7) © 2004 by the American College of Cardiology
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Wypoplastic left heart syndrome (HLHS) is the most
ommon congenital heart lesion resulting in death during
he first year of life (1). The development of staged
econstructive surgery in the early 1980s and the subsequent
ntroduction of heart transplantation for neonates with
LHS, however, have radically improved the prognosis of
his condition (2–8). Nevertheless, a considerable number
f infants with HLHS remain at high risk of mortality. A
estrictive foramen ovale (FO) with secondary left atrial
LA) hypertension is one of the most critical risk factors
hat has an impact on the outcome of HLHS for both
taged reconstruction and heart transplantation (9–14).
ffected neonates present with profound hypoxemia imme-
iately after birth and may die or sustain a significant insult
efore medical or surgical intervention (9–11,14). Further-
ore, restrictive FO places the infant at risk of severe
ulmonary hypertension, which complicates the periopera-
ive course (11) and may jeopardize successful long-term,
ingle-ventricle palliation.
Prenatal recognition of restrictive FO in fetuses with
LHS, in providing an opportunity to plan the delivery and
mmediate postnatal intervention, has the potential to im-
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anada. Drs. Taketazu and Barrea contributed equally to this work.
Manuscript received May 21, 2003; revised manuscript received August 22, 2003,Hccepted January 12, 2004.rove the outcome of this group of patients. It is also crucial
or accurate prenatal counseling regarding the prognosis of
he affected fetus. However, direct evaluation of the atrial
eptum in the fetus with HLHS may be difficult because of
high and posterior position of the interatrial communica-
ion, which is common in this condition (15), a very
iminutive LA often observed in mitral atresia, or difficult
etal position, particularly late in gestation.
Doppler assessment of venous flow patterns has been
hown to indirectly reflect downstream atrial filling pres-
ures. Altered systemic venous flow patterns with increasing
-wave reversal have been shown to correlate with increased
ight atrial pressures in adults (16) and fetuses (17). In-
reased a-wave reversal in the pulmonary veins (PVs) has
een shown to reflect LA hypertension in adults (18–24),
nd preliminary work suggests that it may also reflect LA
ypertension in fetal HLHS (15,25). In the present study,
e sought to determine whether direct FO measurements
nd PV patterns correlate with postnatal FO restriction,
linical evidence of LA hypertension, and outcome after
irth. We hypothesized that fetal PV flow patterns, in
eflecting LA pressure before birth, best predict postnatal
linical presentation and outcome.
ETHODS
e retrospectively identified all fetuses diagnosed with
LHS or a variant of HLHS at The Hospital for Sick
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May 19, 2004:1902–7 Pulmonary Venous Flow in Fetal HLHShildren, Toronto, between May 1999 and January 2002.
nly fetuses with anatomic pathology at risk for LA
ypertension were included. Fetuses with an atrioventricular
eptal defect or anomalous PV drainage with a small left
eart were excluded.
chocardiographic examinations and measurements.
etal echocardiograms were obtained with a 7-4 or a 5-3
Hz curved array transducer on a Philips Medical HDI
000 (Andover, Massachusetts) high-density imaging sys-
em. Postnatal echocardiograms were obtained with an 8-5
r 12-5 phased array transducer (Philips Medical HDI
000) or S12 or S8 phased array transducer on a Philips
edical Sonos 5500 system. All prenatal and initial post-
atal echocardiograms were retrospectively reviewed from
ideotape recordings to determine the fetal and neonatal FO
ize, the diameters of pulmonary artery (PA) and PV
ranches, and, if available, the pattern and velocity of flow
cross the FO. The diameter of FO was measured between
he superior and inferior limbs of the FO, where the FO flap
as at its maximum leftward excursion during the cardiac
ycle, from a four-chamber orientation of the fetal heart,
ith the plane of imaging perpendicular to the plane of the
trial septum, as previously described (26). Similar measure-
ents were obtained from the initial neonatal echocardio-
ram. The FO was considered to be restrictive in utero
hen the maximum diameter measured in a four-chamber
iew was 2.5 mm (5th percentile for gestational age
20 weeks [27,28]), with continuous high-velocity flow
60 cm/s; abnormally high peak FO velocity in the mid
nd third trimesters [28]). Color flow mapping was used to
onfirm the FO location.
To obtain the PV flow spectrum, the Doppler sample
olume was placed over a PV in the lung parenchyma or at
ts LA junction, using color flow mapping to guide posi-
ioning (27,28). Tracings were obtained with the sample
olume as parallel to the direction of blood flow as possible.
As shown in Figure 1a, the normal fetal PV flow pattern
s composed of forward flow in ventricular systole and
iastole, with cessation of flow or small a-wave reversal
uring atrial systole (29,30). Reversal of the a-wave is not a
ystematic finding, occurring in only 18% of normal fetuses
30). We measured and averaged three sequential peak
ystolic and diastolic and a-wave reversal velocities and
elocity-time integrals (VTIs) for forward and reverse PV
ow and calculated the ratio of averaged reverse (R) and
orward (F) flow VTI (VTIR/VTIF) (Fig. 1b).
Abbreviations and Acronyms
FO  foramen ovale
HLHS  hypoplastic left heart syndrome
LA  left atrial/atrium
PA  pulmonary artery
PV  pulmonary vein/venous
VTI  velocity-time integralPostnatal records were reviewed for the first neonatal arterial blood gas, oxygen saturation, need for ventilation or
notropic support immediately after birth, need for emer-
ent atrial septoplasty, and clinical outcome.
tatistical analysis. Patients were grouped according to: 1)
he severity of FO restriction, as determined by direct fetal
O assessment; and 2) the pattern of fetal PV spectra.
eonatal FO size and clinical indexes of LA hypertension
everity were compared between groups by using the Mann-
hitney U (two-group comparisons) and Kruskal-Wallis
three-group comparisons) tests for continuous variables
nd the Fisher exact test for categorical variables. Data were
ntered into a computerized data base and analyzed with
tatView-J Version 5.0 software (SAS Institute Inc., Cary,
orth Carolina). A value p  0.05 was considered statisti-
ally significant.
ESULTS
orty-five fetuses with HLHS or a variant of HLHS were
dentified during the study period, including 27 with mitral
nd aortic atresia, 9 with critical aortic stenosis and mitral
ypoplasia, 7 with a double-outlet right ventricle with
itral atresia or severe stenosis, and 2 with a ventricular
eptal defect and severe mitral and aortic stenosis. The mean
estational age at cardiac diagnosis was 24.6 6.3 weeks. A
otal of 71 echocardiograms obtained in these fetuses were
eviewed. There were 24 pregnancy terminations and 21 live
irths, of whom 20 had postnatal follow-up. One fetus with
igure 1. (a) The normal fetal pulmonary vein Doppler spectra is com-
osed of forward flow in ventricular systole (S) and diastole (D), with
essation of flow during atrial systole. (b) Reverse flow during atrial
ontraction in PV spectra is commonly shown in fetal left heart obstruc-
ion. Measurement of velocity-time integral for forward (VTIF) and
everse (VTIR) flow is demonstrated.diagnosis of trisomy 18 was not transferred to our
i
c
A
v
e
d
u
a
t
a
p
D
f
c

F
b
p
w
r
d
r
t
v
s
d
s
F
i
F
i
e
n
m
i
(
fl
n
[
c
(
t
s
a
t
P
o
a
fi
t
B
B
A
s
e
t
t
d
T
C
B
N
P
B
V
I
E
*
e
n
F
h
r
i
p
i
1904 Taketazu et al. JACC Vol. 43, No. 10, 2004
Pulmonary Venous Flow in Fetal HLHS May 19, 2004:1902–7nstitution after birth. No other live births had associated
hromosomal abnormalities.
ssessment of FO in fetal HLHS. The FO could be
isualized in 39 (87%) of 45 fetuses and in 60 (85%) of 71
xaminations, despite attempted direct FO evaluation in all
uring the actual study. Twenty-six were believed to have an
nrestrictive FO at first assessment, 12 had a restrictive FO,
nd one had an intact atrial septum. Among the 39 in whom
he FO was visualized, 19 were continued pregnancies, and
ll had postnatal follow-up at our institution. Significant
rogression of FO restriction, based on anatomic and direct
oppler assessment, was not found prenatally in any of the
etuses assessed serially.
The FO size measured on the first and last fetal echo-
ardiograms did not correlate well with neonatal FO size (r
0.42 and 0.62, respectively). To determine whether fetal
O assessment would help to identify neonates at high risk
ecause of restrictive FO and LA hypertension, we com-
ared the neonatal FO size and clinical condition of fetuses
ith an unrestrictive FO (n  13) with those with a
estrictive FO or intact atrial septum (n  6), based on
irect FO assessment (Table 1). Patients with suspected FO
estriction, based on direct FO assessment before birth,
ended to have a smaller FO postnatally and required more
entilation and inotropic support, but this did not reach
tatistical significance. It is noteworthy that one fetus was
iagnosed only after birth with an intact atrial septum and
evere LA hypertension. Direct prenatal assessment of the
O in this fetus had been difficult, despite repeated exam-
nations.
etal PV flow in HLHS. Pulmonary venous flow could be
nterrogated in 40 (89%) of 45 fetuses and 62 (87%) of 71
xaminations. Of the nine examinations in which we were
ot able to document PV flow patterns, no attempt was
ade to interrogate PV flow in six examinations. We
dentified three PV flow patterns in the fetuses with HLHS
Fig. 2). Type A flow was defined as continuous forward
ow during ventricular systole and early diastole with a
ormally limited a-wave reversal (VTIR/VTIF ratio 0.18
able 1. Comparison of Neonatal FO Size and Clinical
ondition of Patients With Unrestrictive Versus Restrictive FO
ased on Direct FO Assessment in Utero
Unrestrictive
FO
(n  13)
Restrictive
FO/Intact
Septum
(n  6) p Value*
eonatal FO size (mm) 4.2  1.7 1.9  3.5 0.035
aO2 (mm Hg) 49.5  12.2 57.2  29.8 0.79
E (mmol/l) 2.6  3.4 8.7  9.4 0.045
entilation 1 3 0.071
notropic support 1 3 0.071
mergent septoplasty 0 2 0.088
The Mann-Whitney U test was used to compare continuous variables and the Fisher
xact test for categorized variables. Data are presented as the mean value  SD or
umber of patients.
BE base excess; FO foramen ovale; PaO2 partial pressure of arterial oxygen.30]) during atrial contraction. Type B was defined asontinuous forward flow with an increased a-wave reversal
VTIR/VTIF 0.18), and type C was defined as brief
o-and-fro flow with minimal or no early ventricular dia-
tolic flow. Of these, 27 had a type A pattern at first PV
ssessment, 7 had type B, and 6 had type C. All fetuses with
ype C flow had dilated PVs with a significantly increased
V/PA diameter ratio, as compared with those with type A
r B flow (Fig. 3).
Nineteen of the fetuses with PV assessment were live-born
nd had postnatal follow-up. Of these, one with type A flow at
rst examination developed type C in advanced gestation. On
he last fetal echocardiogram, 12 had type A spectra, 4 had type
, and 3 had type C. The neonatal FO size in fetuses with type
flow was significantly smaller than that of fetuses with type
flow, and all fetuses with type C flow had an intact atrial
eptum postnatally, including one whose FO could not be
valuated directly before birth (Table 2). One patient with a
ype B spectrum prenatally also had an intact atrial septum, but
here was a large systemic vein identified only after birth that
ecompressed the LA.
igure 2. Three pulmonary vein flow patterns identified in fetuses with left
eart obstruction. (A) Continuous forward flow with a small a-wave
eversal (VTIR/VTIF ratio 0.18). (B) Continuous forward flow with an
ncreased a-wave reversal (VTIR/VTIF ratio 0.18). (C) To-and-fro flow
attern with absent early diastolic forward flow. VTIF  velocity-time
ntegral for forward flow; VTIR  velocity-time integral for reverse flow.
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May 19, 2004:1902–7 Pulmonary Venous Flow in Fetal HLHSTo determine whether fetal PV flow patterns correlated
ith clinical evidence of severe LA hypertension after birth
ue to restrictive FO, the neonatal clinical variables were
ompared between the fetuses with the three PV flow
atterns (Table 2). Patients with type C spectra had a
ignificantly lower PaO2 and lower base excess than did
atients with type A or B, and all patients with type C
pectra needed respiratory support immediately after birth
nd required emergent atrial septoplasty within 3 h after
irth. Two patients had critical aortic and mitral stenosis,
nd both presented with severe hypoxemia and acidosis.
he third patient had severe subaortic obstruction and a
ypoplastic mitral valve with anterograde flow. She pre-
ented with moderate hypoxemia and severe metabolic
cidosis with a low cardiac output. None of the three
atients had direct assessment of LA pressures before the
ntervention, although two had pullback gradients of 24 and
4 mm Hg, respectively, after initial septoplasty. The
eonates with type A or B PV flow before birth were more
table at delivery, and none required atrial septoplasty.
The outcomes of all fetuses with neonatal surgical inter-
ention are shown in Figure 4. One patient with type A flow
as not offered any intervention because of severe prema-
urity. Two of three patients with type C flow in utero died
fter neonatal heart transplantation, whereas only one with
igure 3. The ratio of pulmonary vein (PV) to pulmonary artery (PA)
iameter compared between the three PV flow pattern groups. The PV/PA
atio in fetuses with type C flow was significantly increased compared with
hat in fetuses with type A or B flow. The mean PV/PA ratios were 0.76
0.19 in type A, 0.73  0.23 in type B, and 1.53  0.24 in type C flow.
Table 2. Comparison of Neonatal FO Size and
Different Pulmonary Venous Flow Patterns Ide
Type A Flow
(n  12)
Neonatal FO (mm) 4.5  2.1
PaO2 (mm Hg) 52.0  15.8
BE (mmol/l) 2.6  3.6
Ventilation 2
Inotropic support 2
Emergent septoplasty 0
*The Kruskal-Wallis test was used to compare continuous v
presented as the mean value  SD or number of patients.FO  size of foramen ovale; other abbreviations as in Table 1.ype A or B PV flow died postoperatively as a result of
epsis. At postmortem analysis, neonates with type C flow
atterns before birth had pathologic hypertensive changes
Fig. 5), whereas the lung tissue in one patient with type A
ow pattern before birth did not show any hypertensive
hanges. The only survivor with type C flow was the infant
n whom the flow pattern changed from type A to C later in
estation.
ISCUSSION
echnologic advances and increased experience in the pre-
atal diagnosis and perinatal outcome of many conditions
ave resulted in a rigorous quest to fine-tune the anatomic
nd functional diagnoses in order to provide more accurate
renatal counseling and improve the perinatal management
nd thus outcome of affected fetuses. Hypoplastic left heart
yndrome is one of the most commonly encountered forms
f structural heart defects diagnosed in the fetus, and in
any pediatric cardiology programs, many affected preg-
ancies are identified before birth. Although the majority of
ffected fetuses, when managed appropriately, have a simi-
ar, usually uncomplicated perinatal and preoperative course,
hose with a truly restrictive FO with severe LA hyperten-
ion are at very high perioperative risk, with an associated
ortality of 52% to 65% (9–14). As such, identification of
his pathology in fetal HLHS is crucial for both accurate
nical Condition Between Fetuses With
ed in Utero
e B Flow
n  4)
Type C Flow
(n  3) p Value*
.6  1.6 0.0  0.0 0.0015
.7  25.9 30.7  3.5 0.022
.3  1.4 12.2  11.1 0.040
0 3 0.010
0 2 0.112
0 3 0.001
s and the Fisher exact test for categorical variable. Data are
igure 4. Outcome of patients with perinatal surgical intervention. Peri-
perative survival was 91% in patients with type A, 100% with type B, and
3% with type C pulmonary vein flow. HTX  heart transplant.Cli
ntifi
Typ
(
1
61
4
ariable
c
i
s
h
s
o
m
i
s
c
o
h
t
P
m
t
f
fl
s
d
p
h
f
L
P
a
s
a
n
m
p
fl
(
f
w
d
c
t
p
P
d
n
fl
e
r
o
o
s
w
s
c
c
p
a
i
d
s
o
e
fl
a
p
F
(
c
(
1906 Taketazu et al. JACC Vol. 43, No. 10, 2004
Pulmonary Venous Flow in Fetal HLHS May 19, 2004:1902–7ounseling and planning of a timely delivery, with availabil-
ty of interventional cardiology and cardiovascular surgical
taff.
Although the FO can be visualized in most fetuses, we
ave demonstrated that direct anatomic and Doppler ob-
ervations are not consistently predictive of clinical indices
f severe LA hypertension after birth. In many, accurate
easurement of the FO may be difficult given an inability to
mage the FO in a plane that is perpendicular to the atrial
eptum. Even though color flow mapping provides further
onfirmation of the presence and size of the FO, such
bservations may still not truly reflect the degree of LA
ypertension, particularly when systemic veins decompress
he LA (11).
In contrast to our experience with direct FO assessment,
V flow patterns provide a more consistent and accurate
eans of predicting FO restriction and severe LA hyper-
ension after birth. We and others (15) have shown that
etal HLHS is often associated with abnormal PV Doppler
ow. This pattern consists of continuous flow in ventricular
ystole and early diastole, with a short a-wave reversal
uring atrial contraction. Our three types of PV flow
atterns likely represent a continuum in the degree of LA
ypertension, with progressively decreasing early diastolic
orward flow and increasing a-wave reversal with worsening
A hypertension. The short, very pulsatile, to-and-fro flow
V flow pattern has only been previously demonstrated in
n isolated case report of fetal HLHS with an intact atrial
eptum (25). The fact that differences in the degree of
-wave reversal observed in type A and B flow patterns did
ot result in significant clinical differences may reflect only
ore subtle but not clinically relevant differences in LA
ressure, as well as the influence of other variables on PV
igure 5. Histologic findings of the lung tissue in one patient with a pren
PV) flow pattern, who died at seven weeks of age. (a) There were dilat
onsistent with early stage arterialization. (Movat’s stain, 100 magnificati
N) hyperplasia, indicators of pulmonary hypertension, Heath-Edwards grow patterns (18,21–24). mGiven the progressive nature of left heart obstruction
31,32), progressive restriction of the FO may occur in some
etuses with HLHS. In the present study, although there
as no obvious case of progressive FO restriction based on
irect assessment of the FO, we did find one fetus with a
hange in the PV flow pattern from type A in the mid-
rimester to type C just before delivery, suggesting the
otential for worsening LA hypertension before birth.
One other study has documented a correlation between
V flow and restrictive FO in fetal HLHS (15). Our study
iffers from that of Better et al., in that we chose to use the
eonatal FO gradient to define FO restriction. Doppler
ow through the FO may be increased in the presence of
xcessive pulmonary blood flow, as well as an anatomically
estrictive FO and LA hypertension. We chose to correlate
ur prenatal PV flow patterns and FO assessment with
ther variables that better reflect clinical LA hypertension
everity after birth.
Even with aggressive early neonatal intervention, patients
ith the most severe LA hypertension have a poor progno-
is. In those with type C PV flow, pulmonary hypertension
learly complicated the postoperative course and ultimately
ontributed to the demise of two patients. We suspect that
athologic hypertensive PV changes develop during fetal life
nd may be more severe if LA hypertension develops earlier
n gestation. That the only survivor with type C flow
ocumented before birth initially had type A flow could
uggest a better prognosis in fetuses with late development
f FO restriction, but this requires further prospective
xperience. The pathologic changes we found in type C PV
ow were similar to the observations reported by Rychik et
l. (11). In their study, the most severe atrial morphology in
atients with HLHS and an intact atrial septum was a small
iagnosis of hypoplastic left heart syndrome and a type C pulmonary vein
mphatic vessels (L) and PVs with internal and external elastic lamellae,
b) Muscular pulmonary artery with medial (M) thickening and neointimal
I, in the same infant. (Movat’s stain, 400 magnification.)atal d
ed ly
on.) (
ade Iuscular LA with circumferential thickening of the atrial
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May 19, 2004:1902–7 Pulmonary Venous Flow in Fetal HLHSalls associated with severely dilated lymphatic vessels and
V “arterialization.” Even with adequate early decompres-
ion of the LA after birth, the PV morphology may take
ime to or may never normalize in the majority. The poor
utcome in this subset of fetuses with HLHS should be
aken into consideration not only for prenatal counseling
ut also in the planning of delivery and neonatal manage-
ent. Given the need for immediate medical or surgical
ntervention, caesarian section would make certain a timely
elivery; however, the risk of a caesarian section to the
oman and her future reproductive health should be
eighed against the likelihood of survival of her baby.
tudy limitations. This study was primarily limited by the
mall number of fetuses with HLHS assessed, as well as its
etrospective nature.
onclusions. Attempts at direct fetal FO observation dur-
ng fetal echocardiography in HLHS do not consistently
orrelate with neonatal FO size or the clinical degree of LA
ypertension after birth. The fetal PV flow pattern may be
more useful predictor of the degree of LA hypertension
nd outcome and may provide insights into the pathogen-
sis of PV pathology observed in affected neonates. This
nformation is crucial for prenatal counseling and planning
f perinatal management.
eprint requests and correspondence: Dr. Lisa K. Hornberger,
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atory, UCSF Medical Center, 505 Parnassus Avenue, San Fran-
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